Abstract. The study was designed to detect differences in the nuclear morphology of tumours and tumour cell populations with different p53 expression in correlation with DNA ploidy and proliferation rate. The paraffin sections from routinely processed samples of 88 breast cancers were immunostained with the monoclonal p53-antibody DO-1. After localization and evaluation with a scoring system the sections were destained and stained by the Feulgen method. The nuclei were relocated automatically and measured by means of the image cytometry workstation. Significant differences between the tumours and tumour cell populations with different p53 expression were found in the euploid tumours as well as in the aneuploid tumours and in the breast cancers with a high proliferation rate. The breast cancers with a low immunoreactive score (IRS 1-4) differ from the negative cancers as well as from the cancers with a higher immunoreactive score . Evaluating the nuclear populations of the p53 positive cancers, there were differences in the features of the chromatin amount and distribution in the groups of the euploid breast cancers and in cancer with a high proliferation rate. In contrast, the nuclear populations of the aneuploid cancers did not show any differences in their nuclear morphology.
Introduction
The wild type of the p53 gene acts as a tumour suppressor gene, which controls the cell cycle at the G1-S-transition. Furthermore, the wild type of p53 can induce apoptosis [3, 20, 22, 23] . Mutations of the p53 gene are a common event in the human carcinogenesis. The mutation of this gene should be associated with a loss of function and also with the loss of the growth suppressor function. Cells with DNA damage remain in the cell cycle, which leads to a higher genetic instability of the tumour.
The genetic instability is often reflected by a DNA aneuploidy. This fact has been confirmed in many studies describing a correlation between the immunohistochemically detected p53 and aneuploidy [4, 7, 11] . Some authors also report a higher proliferation rate in p53 positive tumours [1, 14, 28] .
The DNA ploidy is only a net estimator of the whole genetic material of the cell populations. Changes in the function of cells like the p53 mutation and the DNA aneuploidy should be associated with changes in the nuclear morphology. These changes may be made objective by high resolution image analysis.
In image cytometric studies, differences in nuclear morphology in correlation with prognostic features were described in breast cancers [2, 16, 21, 23, 28, 30] . In the past, we reported the correlation of p53 expression and the DNA ploidy as well as differences in the nuclear features in immunohistochemically characterized p53 positive and negative breast cancer cells [12, 15] .
The present study was designed to detect differences in the nuclear morphology in breast cancers as well as nuclear populations being different in their p53 expression in correlation with the DNA ploidy and proliferation. In particular we wanted to know whether differences in the nuclear morphology exist in tumours with a different p53 expression in correlation with the ploidy state and the proliferation rate, respectively. A further question was whether the nuclear populations with a different p53 expression differ in their structure in tumour groups, characterized by the ploidy state and the proliferation rate of the tumours.
Material and methods
Forty-nine p53-positive and 39 p53-negative breast cancers were investigated. The tumours were classified according to the WHO nomenclature [19] . The grade of malignancy was determined according to Scarff, Bloom and Richardson [6] . The clinicopathological data of the tumours are detailed in Table 1 . The p53 detection was done employing dewaxed paraffin sections of routinely fixed samples. The sections were stained with the monoclonal antibody DO-1 (original supernatant [31] , 1 : 50 dilution, incubation for 24 h at 4 • C) in an avidin-biotin-peroxidase technique. The chromogen was 3-amino-9-ethylcarbazol (AEC). Finally, the nuclei were counterstained with haemalaun and embedded in glycerol gelatin.
The results of the immunostaining were assessed as an immunoreactive score (IRS) for the whole tumour. The score is the product of the percentage of immunostained cells (divided in 5 groups: 0, 1-10%, 10-50%, 50-80%, 80-100% positive cells) and the staining intensity (weak, moderate and strong reaction). The score ranges from 0 to 12. Breast cancers with a p53 IRS equal one or higher were considered as p53 positive tumours [26] .
The image analysis was performed by means of a high resolution image cytometry workstation (Table 2) . In each case, 500 nuclei were localized by means of a cytometry workstation. The staining intensity of the nuclei was categorized subjectively in 4 groups: negative nuclei (−), weakly positive nuclei (+), moderately positive nuclei (++) and strongly positive nuclei (+ + +). After destaining during a 45 min 5N HCl hydrolysis the sections were stained according to the Feulgen method. The actual section thickness was measured by means of the confocal laser scanning microscope LSM-10 (Zeiss, Germany) at three different sites in order to correct some features of the the optical density for sectioning effects. The previously coded nuclei were relocated and measured by means of the cytometry workstation, which consists of an Axioplan microscope (Zeiss, Germany) equipped with a 486/66 MHz IBM compatible PC with a MFG frame grabber (Imaging Technology, USA) using a CCD TV camera XC-77 CE (Sony, Japan) and a computer controlled motor driven xy-scanning stage. The software based on the OPTIMAS image analysis system (OPTIMAS Corp., Seattle, WA, USA). Correction procedures for the section thickness, diffraction and glare were implemented in the software [17] . From each nucleus, 97 nuclear features derived from the segmented extinction image Table 1  Clinical data  p53 positive cases  p53 negative cases  Tumour size  pT1  20  18  pT2  27  18  pT3  1  1  pT4  1  1  pTx  0  1   Lymph node status  pN0  23  19  pN1  20  17  pN2  1  0  pNx  5 were computed on a MicroVAX 4000 computer (DEC, Maynard, MA, USA) which is connected via Ethernet to the image analysis workstation. The nuclear features describe the size and shape of the nucleus, the amount, the statistical and topological distribution of the chromatin and chromatin statistics in the "flat image" (Table 3 ). The DNA image cytometry was performed on fine needle aspirates or imprints from fresh tumour material which were stained according to the Feulgen method. The DNA ploidy was assessed by the cytometry workstation. In each case at least 250 tumour cell nuclei and 20-30 lymphocytes as internal reference cells were measured. The DNA ploidy status of the tumours was classified as peridiploid, peritetraploid and aneuploid.
For the flow cytometry, samples of fine needle aspirates from fresh tumour material were used for the estimation of S-Phase and G2/M-fraction by the FACScan (Becton/Dickinson) with the test kit Cycle test.
For the univariate and multivariate statistical analyses which are based on the mean values and their standard deviations of the features from the nuclear populations in each staining category for each case, a self written software program REDUGD was used. The Bonferroni principle was applied for defining significance levels at p < 0.05 in the multivariate analyses. According to this principle the significance level desired for the actual discrimination (p < 0.05) has to be divided by the appropriate degree of freedom (equal the number of the uncorrelated variables).
Results

Comparison of the whole nuclear populations from tumours with different p53 IRS in groups startified by their DNA ploidy and their proliferation rate
In this section, only the immunoreactive score of the whole nuclear population will be taken into consideration.
Differences between differently scored breast cancers were found in the euploid and aneuploid tumour groups. Whereas the peridiploid and peritetraploid tumours showed a higher irregularity of the chromatin distribution in the p53 positive tumours, the aneuploid cancers showed a higher degree of polymorphism in the tumours with a positive p53 reaction than their negative counterparts (Table 4) .
When the whole nuclear population of the p53 positive tumours was evaluated, there was a difference between the peridiploid and the peritetraploid cancers in a feature of the chromatin distribution (SD FExtBas; higher in the tetraploid cancers). However, the p53 positive nuclei of the peritetraploid cancers showed the higher values in a feature of the nuclear size, in the number of the coarse chromatin particles and in the standard deviation of two invariant moments of the chromatin structure than the diploid cancers (Table 5 ).
In the p53 negative tumours, the group of the diploid and tetraploid cancers differs from the aneuploid tumours in a feature, describing a higher variability of the elliptical shape in the aneuploid tumours.
In breast cancers with a high proliferation rate (S-Phase and G2M fraction greater than 5%, respectively), a number of significant different features were found. They describe a higher degree of polymorphism of the nuclei in the p53 positive tumours compared with the cancers without immunohistochemically detectable p53. Furthermore, the p53 positive tumours also had nuclei with irregular chromatin distribution and a variable amount of chromatin (Tables 6, 7) . . . strongly positive tumours. 1 peri-, di-and tetraploid; 2 aneuploid; ! S-phase < 5%; " S-phase > 5%; P G2M-fraction < 5%; Q G2M-fraction > 5%.
As shown in Tables 4-6 and in Figs 1 and 2 , the breast cancers with an IRS 1-4 differ from the negative as well as from the more strongly positive tumours (IRS 5-12) in some features of chromatin amount and distribution.
Comparison of nuclear subpopulations with different p53 expression in groups stratified by their DNA ploidy and their proliferation rate
The nuclear populations differ in their morphology concerning to the p53 expression in the group of peridiploid and peritetraploid tumours and in tumours with a S-phase and G2M fraction higher than 5%, respectively.
The peridiploid and peritetraploid tumours were different in some features of the chromatin distribution and amount. In general, the texture of the nucleus seems to be more homogeneous in the p53 positive population than in the negative nuclei. The mean values of some optical density features were lower in the more strongly p53 positive nuclei. On the other hand, the standard deviation of the integrated optical density increased with the p53 stainability. In the multivariate analysis, the skewness of the optical density was the feature with a significant difference (Table 8 ; Figs 3, 4) .
Breast cancers with a S-phase fraction higher than 5% showed differences in features for the distribution and amount of chromatin, as well. The best discriminant features in the multivariate analyses were the percentage of the heterochromatin optical density of the heterochromatin in the integrated optical density of the whole nucleus and the standard deviation of the integrated optical density. . . strongly positive tumours. 1 peri-, di-and tetraploid; 2 aneuploid; ! S-phase < 5%; " S-phase > 5%; P G2M-fraction < 5%; Q G2M-fraction > 5%. When the cancers with a high G2M-fraction (higher than 5%) were taken into consideration, many features showed significant differences in the univariate analysis. In these tumours, the irregularity of the nuclear shape increases and correlates with the p53 expression. However, the multivariate analysis resulted in significant differences in two features describing the amount and distribution of chromatin (Table 9 ; Figs 3, 4) . Fig. 3 . Skewness of the optical density histogram of the nucleus in nuclear subpopulations with different p53 expression in correlation to DNA ploidy, S-phase and G2M-fraction. p53− . . . p53 negative nuclei; p53+ . . . weakly p53 positive nuclei; p53+ + . . . moderatly p53 positive nuclei; p53+ + + . . . strongly positive nuclei. 1 peri-, di-and tetraploid; 2 aneuploid; ! S-phase < 5%; " S-phase > 5%; P G2M-fraction < 5%; Q G2M-fraction > 5%. Fig. 4 . Standard deviation of integrated optical density in nuclear subpopulations with different p53 expression in correlation to DNA ploidy, S-phase and G2M-fraction. p53− . . . p53 negative nuclei; p53+ . . . weakly p53 positive nuclei; p53+ + . . . moderatly p53 positive nuclei; p53+ + + . . . strongly positive nuclei. 1 peri-, di-and tetraploid; 2 aneuploid; ! S-phase < 5%; " S-phase > 5%; P G2M-fraction < 5%; Q G2M-fraction > 5%. Table 9 Significant differences in the nuclear subpopulations with different p53 expression in the p53 positive tumours with a S-phase and a G2M-fraction higher than 5% (p < 0.05) Feature p53− p53+ p53++ p53+ + + S-phase > 5% SD integrated optical density (without correction of section thickness) * 
Discussion
The differences between differently scored tumours were found in tumours with a high proliferation rate and in the groups of euploid and aneuploid breast cancers. The aneuploid cancers as well as the subgroups with a high proliferation rate showed an increase of nuclear polymorphism with the p53 immunoreactive score. Moreover, the aneuploid stronger p53 positive breast cancers also show a higher degree of polychromasia than their p53 negative counterparts. An exception in this part of the study are the peridiploid and peritetraploid tumours which differ only in chromatin distribution features.
The association between the p53 immunostaining and aneuploidy is a well-known fact. A significant relationship between p53 expression and aneuploidy was confirmed in a previous study on breast cancers [11] . Remivikos et al. [27] also found an association between the ploidy state and the p53 expression in cell population in a flow cytometric study of colorectal carcinomas.
Falkmer et al. [9, 10] reported different ploidy states in cells of neuroendocrine tumours using a methodological approach similar to the present study.
Other reports describe a correlation between the p53 immunostainability and the S-phase/G2M-fraction in flow cytometric studies [25] . However, we did not find a significant correlation between the p53 expression and the S-phase or G2M fraction in the present study. One possible reason may be the selection of the cases by their p53 status and not by a random or consecutive sampling as in the above mentioned studies.
In all groups with significant differences in the nuclear morphology, the breast cancers with an IRS 1-4 are distinguished from the negative and the more strongly positive (IRS 5-12) tumours in some features describing the chromatin distribution. These findings may suggest a different significance of the immunohistochemical detectable p53 protein [5] . The antibody DO-1 used here recognizes an epitope that is present on both the mutated and on the wild type p53 protein [31] . In another study [18] , which includes some cases found in the present one, the p53 gene was found mutated only in tumours with a high IRS percentage of p53 positive cells by means of the PCR analysis. In the tumours with an IRS 1-4/low percentage of positive cells, the immunohistochemically detected protein may correspond to the wild type of the p53 protein with a prolonged life span. This may be the result of a binding of the p53 protein to other molecules. Another possible interpretation of this phenomenon is an increased expression of the wild type protein caused by a DNA damage. Changes in DNA are a common event in malignomas, but it is not known whether such DNA damage during the malignant transformation and progression may lead to an induction of the p53 wild type expression.
Taking into consideration the different nuclear populations of the p53 positive tumours, it becomes evident that only nuclei from diploid and tetraploid tumours show differences in correlation with the p53 expression in their nuclear features, but not the nuclei of aneuploid tumours. The higher degree of dedifferentiation in aneuploid tumours could be one reason for the missing correlation in p53 expression and the nuclear features in these tumours. This agrees with some findings of a previous study, which examined the morphological nuclear features in correlation with the p53 expression in breast cancer with different stages of the tumour disease, reflected by the clinicopathological features. In this study we found a higher influence of the immunohistochemical detected p53 on the nuclear morphology in cancers in early stage of disease than in those in a more advanced stage [13] .
In detail, the nuclei of the peridiploid and peritetraploid tumours with a higher p53 immunoreactivity showed a more homogeneous nuclear texture than their negative counterparts. The mean values for some optical density features decrease with respect to the p53 expression, i.e., the nuclei in the p53 positive populations are paler than the p53 negative cells. In general, the transcriptionally active chromatin is characterized by a lower stainability than the inactive heterochromatin. The paleness of the nuclei in the p53 positive populations may suggest a higher rate of transcription in these cells. The stronger p53 positive nuclear populations showed a greater variability in the chromatin amount than the p53 negative nuclei in these euploid cancers. This observation agrees with the well-known phenomenon of polychromasia. On the other hand, it appears to be contradictory to the non-aneuploid state of these tumours. This group includes tumours with diploid or tetraploid nuclei, as well as tumours with a mixed diploid and tetraploid nuclear population. The chromatin amount reflected by the integrated optical density should also be different in these non-aneuploid tumours.
The whole nuclear population (including the p53 positive and the p53 negative nuclei) of the p53 positive tumours showed a difference between the diploid and the tetraploid cancers only in a feature of the chromatin distribution. In contrast, the p53 positive nuclei of these cases were different in their chromatin distribution as well as in their nuclear size, whereas in the negative nuclear population of the p53 positive cancers no difference could be found in the nuclear features. This may suggest a stronger impact of the p53 positive cell population on the nuclear morphology in both of these ploidy groups.
Significant differences in the nuclear morphology correlated with the p53 expression could be found only in tumours with a high proliferation rate, but not in those with a low proliferation rate. This seems to be in contradiction to the above mentioned differences in the diploid and tetraploid tumour group and the results of a previous study which describes a higher degree of association between the p53 expression and nuclear morphology in breast cancers with favorable prognostic criteria than in those with an unfavorable prognosis. A high rate of proliferation in breast cancers is also a sign of an unfavorable prognosis, but this is not the same as aneuploidy.
The changes in the nuclear populations of tumours with a high proliferation rate with different p53 expression are the same as those in the group of the euploid tumours. Additionally, the p53 positive population in tumours with a G2M-fraction higher than 5% exhibit a more irregular shape than the negative or lower p53 positive nuclei. The loss of p53 function in cells with mutated p53 protein should result in a higher proliferation rate of this cell population. The S-phase and the G2M-phase are also associated with changes in the morphology of the nucleus. The p53 associated changes in nuclear morphology cannot be separated from this proliferation associated nuclear pattern.
In conclusion, the results show the different impact of the p53 state on the one hand, and the DNA ploidy and the proliferation on the nuclear morphology on the other. Furthermore, there are hints for a different impact of subpopulations with a different p53 expression for the nuclear morphology especially in the euploid breast cancers.
